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Abstract. Morphologically similar benthic foraminiferal taxa can be difficult to separate. Aside from causing
issues in taxonomy, incorrect identifications complicate our understanding of species-specific ecological pref-
erences and result in flawed palaeoenvironmental reconstructions and geochemical results. Over the years, a
number of studies have grouped together several key Arctic–North Atlantic species in various combinations,
despite their distinct environmental preferences and/or stratigraphical differences, causing great confusion in
the literature. These species include Cassidulina laevigata, Cassidulina neoteretis, Cassidulina teretis, Paracas-
sidulina neocarinata, Islandiella helenae, and Islandiella norcrossi. Here, we provide for the first time a detailed
comparison of these taxa. We present a compilation of the original species descriptions, along with clear, illus-
trated guidelines on how to separate these taxa to circumvent taxonomic confusion. We acknowledge that some
features cannot easily be seen with a standard low-powered microscope, especially if specimens are not well
preserved. In those cases, we recommend the following actions: (i) always strive to make a precise identification
and at least differentiate between the three genera; (ii) where C. neoteretis and C. teretis cannot be separated, and
where the stratigraphical context does not make the species identification obvious, specimens belonging to these
taxa should be reported as C. teretis/C. neoteretis; and (iii) where specimens in a sample cannot be confidently
assigned to a specific species of Islandiella or Cassidulina, specimens should be grouped as Islandiella spp.
or Cassidulina spp., followed by naming the most dominant species in brackets. The improved identification
of Cassidulina, Paracassidulina, and Islandiella specimens will ensure development of a better understanding
of the ecological affinities of these key Arctic–North Atlantic taxa, consequently resulting in more accurate
palaeoenvironmental reconstructions and geochemical data.
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1 Introduction
A common problem in benthic foraminiferal studies is
the persistent taxonomic confusion between morphologi-
cally similar taxa, even among species that are often abun-
dant. A consequence of this confusion can be the group-
ing and misidentification of key foraminiferal species that
have different environmental preferences or even stratigraph-
ically different distributions (e.g. Sejrup and Guilbault, 1980;
Mackensen et al., 1985; Polyak et al., 2002), resulting in the
loss of important information when analysing foraminiferal
assemblage composition. It may also cause mixing of taxa
when picking specimens for geochemical analyses, leading
to potentially flawed data, especially when considering vital
effects. This problem is often exacerbated by poor access to
well-illustrated and high-quality taxonomic resources (with
clear scanning electron microscope (SEM), light microscope
or line illustrations, and taxonomic descriptions), along with
information on changes in synonyms over time or regional
use of species names in disagreement with type descriptions
(e.g. Scott et al., 2000). Such confusion and “grouping” of
species can lead to inaccurate interpretations of both modern
and past environments, which then enter the literature and
further contribute towards the problem. Ideally, researchers
lacking access to quality taxonomic resources would seek to
examine type material available at museums or other institu-
tions or visit experts for training; however, this is not always
possible due to funding issues or lack of mobility and oppor-
tunity.
Morphologically similar genera of benthic foraminifera
found in Arctic and North Atlantic environments include
Cassidulina, Paracassidulina, and Islandiella, particularly
the biserially enrolled, lenticular-shaped species Cassidulina
neoteretis, Cassidulina teretis, Cassidulina laevigata, Para-
cassidulina neocarinata, Islandiella helenae, and Islandiella
norcrossi (e.g. Hunt and Corliss, 1993; Scott et al., 2008;
Hanslik and Hermelin, 2011; Skirbekk et al., 2016). These
hyaline species all possess a biserially enrolled, biconvex,
lenticular test with a generally sharp to keeled margin. Some
of the species most commonly display an undulating margin,
whereas in others the margin is mainly straight. When well
preserved, these taxa all have clearly visible chambers (of-
ten similar in number) that reach towards the umbilical area
with triangular or curved ends that may or may not meet at
the umbilicus; however, this can be more difficult to identify
in abraded, non-translucent specimens. The aperture always
sits on one side; for Cassidulina it is a narrow apertural slit
with an apertural plate, whereas for Islandiella the aperture
is a broader triangular to elliptical opening on the margin of
the final chamber (Table 1). In Paracassidulina it is a narrow
slit just as in Cassidulina, but it is longer and has a very thin
apertural plate looking more like a lip than an actual plate.
Despite their overall morphological similarities, the six
species in question are reported to have very different en-
vironmental preferences. For example, C. neoteretis is found
primarily in cool, stable water masses, typically in Atlantic-
sourced subsurface waters in arctic and subarctic regions
(Jennings and Helgadóttir, 1994; Seidenkrantz, 1995; Rytter
et al., 2002), whereas C. laevigata is common in warmer,
boreal (i.e. temperate) waters (Klitgaard-Kristensen et al.,
2002; Jennings et al., 2004). C. teretis is believed to be ex-
tinct (Seidenkrantz, 1995; Lazar et al. 2016) and had a habi-
tat extending into shallower waters than C. neoteretis (see
Feyling-Hanssen et al., 1983; Feyling-Hanssen, 1980a; Sei-
denkrantz, 1995). The ecology of P. neocarinata is less well
known, as this taxon is less frequently reported, likely due to
its confusion with C. laevigata. However, P. neocarinata has
been found in boreal to lusitanian (temperate to (sub)tropical)
regions (e.g. Vilks and Rashid, 1976; Sen Gupta and Aharon,
1994). Confusing these four species would therefore result in
very misleading palaeoenvironmental interpretations.
Additionally, taxonomic confusion or grouping of species
in modern environments obscures our understanding of the
ecological preferences of specific taxa, perhaps most promi-
nently illustrated by the persistent grouping of I. helenae and
I. norcrossi (e.g. Hald and Steinsund, 1996; Korsun and Hald,
1998; Polyak et al., 2002; Saher et al., 2012; Ovsepyan and
Taldenkova, 2019). I. norcrossi is found in chilled Atlantic
water (e.g. Arctic Intermediate Water) (Rytter et al., 2002;
Jennings et al., 2004), whereas I. helenae can tolerate low
temperatures and lower salinities and seems to be an indi-
cator of sea ice margin conditions (Jennings and Helgadót-
tir, 1994; Seidenkrantz, 2013); thus, distinguishing these two
species is particularly important.
Feyling-Hanssen and Buzas (1976) provided a detailed
description and explanation of the differences between Is-
landiella and Cassidulina. Despite this, taxa from the gen-
era Cassidulina and Islandiella continue to be either grouped
into one species group or partly misidentified (e.g. Scott et
al., 2008, Islandiella teretis; Cronin et al., 2019). Here we
present an illustrated comparative study of these six mor-
phologically comparable species C. laevigata, C. neoteretis,
C. teretis, P. neocarinata, I. helenae, and I. norcrossi (using
published and unpublished images) and highlight the distin-
guishing characteristics that allow them to be correctly iden-
tified at a species level. Our aim is to provide clear criteria
and guidelines on how these species can be taxonomically
separated. Importantly, we do not redescribe the species; in-
stead, our study includes the original taxonomic descriptions
published for each species, along with observations and re-
marks on morphology, supported by high-quality light mi-
croscope and SEM images; however, in a few cases we add
to the original descriptions. For each species, we also add
ecological remarks that rely on information from “modern”
samples and reference selected key literature to aid future
(palaeo)environmental studies, although we are not present-
ing a full exhaustive literature review. This paper brings to-
gether, for the first time, taxonomic and ecological resources
for these key Arctic–Atlantic species that are often not easily
accessible to researchers in the field. Although some species
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are found outside the Arctic and North Atlantic region, we
focus the present review on this region alone.
2 Systematic descriptions
We use both published and hitherto unpublished images to
illustrate the distinguishing and key morphological features
of the species discussed in this paper (Figs. 1–6). In addi-
tion to studying the literature, we include specific observa-
tions on foraminifera from surface sediment and core sam-
ples from sites within the North American Arctic and the
North Atlantic region (Supplement Table S1). The classifi-
cation and taxonomy in the present paper are based on Loe-
blich and Tappan (1987). Where possible, the original de-
scriptions, which are not always openly available, are also
included for the six species discussed. For original descrip-
tions of the species, also see Ellis and Messina (1949 and
update). It is beyond the scope of this paper to detail and de-
scribe ontogenetic variability in the taxa of interest, but No-
mura (1983) illustrates how the morphology of the tests can
change over the lifetime of the taxa, and researchers should
be aware of how this may contribute to misidentification.
Suborder Rotaliina Delage and Hérouard, 1896
Superfamily Cassidulinacea d’Orbigny, 1839
Family Cassidulinidae d’Orbigny, 1839
Subfamily Cassidulininae d’Orbigny, 1839
Genus: Cassidulina d’Orbigny, 1826
Type species: Cassidulina laevigata d’Orbigny, 1826, p.
282, pl. 15, figs. 4, 5.
The original description from d’Orbigny (1826) is as fol-
lows: “Loges assemblées sur deux ou alternantes; ouverture
vers le milieu de la loge” (as cited in Nørvang, 1958). This
can be translated as “chambers assembled on two axes or
alternating; aperture towards the middle (centre) part of the
chamber”.
An emendation was made by Nørvang (1958):
Test lenticular to subglobular; chambers biserially
arranged, planispirally coiled; wall perforate, gran-
ulate; aperture narrow tripartite, but one or two of
the narrow branches are normally closed, except in
the most primitive species; often with one or two
plate-like lips, situated on the normally inward-
bent border of the test wall, partially closing the
aperture. Differential diagnosis: this genus differs
from genera Ehrenbergina and Cassidulinoides by
being completely coiled. It is distinguished from
the genus Islandiella by the granular wall structure
and the lack of an internal tooth.
Cassidulina laevigata d’Orbigny, 1826
Fig. 1a–i
1826 Cassidulina laevigata d’Orbigny: 282, pl. 15, figs. 4, 5.
1896 Cassidulina laevigata var. carinata Silvestri: 104, pl. 4,
figs. 10a–c.
1945 Cassidulina laevigata d’Orbigny: Nørvang: 43, text-fig.
9.
1953 Cassidulina laevigata d’Orbigny: Phleger et al., 44, pl.
9, figs. 32, 37.
1958 Cassidulina laevigata d’Orbigny: Nørvang: 38, pl. 9,
figs. 27–31.
1971 Cassidulina carinata Silvestri: Murray: 187, pl. 78,
figs. 1–5.
1980 Cassidulina carinata Silvestri: Rodrigues et al.: 54, pl.
5, figs. 3, 6, 9.
1981 Cassidulina laevigata d’Orbigny: Sejrup et al.: 290, pl.
1, fig. 5.
2004 Cassidulina laevigata d’Orbigny: Jennings et al.: pl. 1,
fig. 134.
Original taxonomic description
Unfortunately, no detailed description is given by
d’Orbigny (1826); however, limited taxonomic remarks
are made in the main text and in the caption of the relevant
plate. We provide these details here and show the original
line drawings in Fig. 1a. Nørvang (1958) offers a more
detailed description that is also included here.
The following description is taken from d’Orbigny (1826):
“Loges non alternantes ou enfilées sur un seul axe. Côtés in-
égaux, l’un bombé et l’autre plat.” We translate this as fol-
lows: “Chambers not alternating or threaded on a single axis.
Unequal sides, one convex and the other flat.” The follow-
ing is from d’Orbigny’s (1826) plate 15 caption – “Fig. 4 –
Cassidulina laevigata grossie, vue de profil (par erreur citée
pl. 6). Figure 5 Id. vue en face. a, l’ouverture virgulaire qui
alterne dans l’accroissement des loges; b, la dernière loge
venue, qui ne recouvre pas entièrement celle marquée c, qui
est plus ancienne. Figure 5 bis. Id. Grandeur naturelle de la
coquille.” This can be translated as follows: “Fig. 4 – Cas-
sidulina laevigata magnified, profile view (plate 6 cited in
error). Figure 5 – the same [species] in front (apertural) view:
a, a virgulina opening alternating in the growth of the cham-
bers; b, the last chamber which does not entirely cover that of
the older chamber, marked c. Figure 5 is the same again. Nat-
ural size of the shell” (note that this is the small dot shown in
the original).
Nørvang (1958) describes C. laevigata as follows:
Test lenticular; periphery carinated, or at least
sharply angular; last whorl consisting of about four
pairs of alternating chambers reaching in over the
centre of the test, completely covering the cham-
J. Micropalaeontology, 40, 37–60, 2021 https://doi.org/10.5194/jm-40-37-2021
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Figure 1. Cassidulina laevigata. (a) Original line drawing by d’Orbigny (1826) showing the species in (left) profile and (right) apertural
view. Note that the small dot at the base between the two illustrations refers to the natural size of the specimen in the original publication,
which does not provide sizes or size ranges for C. laevigata. (b–f) C. laevigata carinate forms. (g–i) C. laevigata without a carinated keel
and showing a more rounded form. (b) Composite depth-of-field light microscope image and (c) SEM micrograph of the same specimen.
(d) Composite depth-of-field light microscope image and (e) SEM image of the same specimen. (f) SEM micrograph of aperture showing the
broad apertural lip and carinate margin on the plate. (g–i) Light microscope images of C. laevigata specimens that show a smoother outline
compared to (b)–(e). All scale bars denote 50 µm; see Supplement Table S1 for sample details.
bers of the preceding whorl and leaving no umbili-
cus; chambers narrow, about three times as long as
broad, distinctly curved; sutures distinct, more or
less depressed, distinctly curved backwards from
the centre of the test towards the periphery; aper-
ture a long narrow slit formed by the areal branch
only of the tripartite aperture – the basal branches
being completely closed – starting the peripheral
angle of the suture between the preceding cham-
bers, traversing about two thirds of the long and
narrow apertural face approximately conformable
with the peripheral edge of the apertural face, thus
in some specimens nearly touching the upper part
of the apertural suture; wall along edge of aper-
ture bent sharply inward, often with thin and nar-
row lips situated on the crest of the bent wall and
partly closing the aperture.
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Remarks
The original description of d’Orbigny (1826) lacks sufficient
and clear detail (Fig. 1a), and this may have contributed to
the extensive synonymization of this taxon, as emphasized by
Nørvang (1945) and Mackensen and Hald (1988). Here we
use Nørvang’s (1958) description of Cassidulina laevigata.
The primary diagnostic features of C. laevigata include the
long, curved chambers that meet in the centre and result in
the absence of an umbilical boss, along with the relatively
large pores (Fig. 1) compared to C. neoteretis, C. teretis, and
P. neocarinata (Fig. 5). The overall shape is compressed. C.
laevigata exhibits a clear, elongated narrow crescent-shaped
slit, which extends from the base of the final chamber and
parallels the outer margin of the chamber. The aperture is
partially closed by an apertural plate, which has a distinctly
serrated (teeth-like) edge, although this is often only visible
in well-preserved specimens (Seidenkrantz, 1995).
In previous studies, C. laevigata was often divided into
what was thought to be two separate subspecies: Cassidulina
laevigata laevigata (today usually called Cassidulina lae-
vigata d’Orbigny, 1826) and C. laevigata carinata (also
called Cassidulina carinata Silvestri, 1896; Murray, 1971;
Rodrigues et al., 1980), with the main dividing characteristic
being the absence (C. laevigata d’Orbigny, 1826; Fig. 1g–
i) or presence (C. carinata Silvestri, 1896; Fig. 1b–e) of a
peripheral keel. The keel can be slightly to distinctly cari-
nate, with the carina often possessing a serrated to undulating
edge. Often the carinate forms (C. carinata Silvestri, 1896)
are rounder in side view, while the non-carinate forms (C.
laevigata d’Orbigny, 1826) tend to be slightly longer than
broad, sometimes having a weak kidney shape (Fig. 1g).
However, although the endmembers of this group may be
quite distinct, it is common to find transitional forms be-
tween carinate and non-carinate forms in some regions, and
this can make distinguishing between these two subspecies
difficult. Consequently, very few studies distinguish these
forms. For example, Mackensen and Hald (1988) did not split
their C. laevigata into the two subspecies C. laevigata laevi-
gata d’Orbigny, 1826, and C. laevigata carinata due to these
gradations. Murray (2003) also combined carinate and non-
carinate forms of C. laevigata from the Hebridean Shelf in
northwestern Scotland. As previous studies rarely mention
which form(s) are present, making any distinction near im-
possible, here we treat the two types together under the name
C. laevigata. It is currently unknown if any ecological differ-
ences exist between the carinate and non-carinate forms.
Environmental preferences
In general, C. laevigata is considered to be a shallow in-
faunal species that occurs in boreal (cool temperate) to
lusitanian (sub-tropical) regions influenced by saline (At-
lantic) water inflow (Jennings et al., 2004) and which prefers
well-oxygenated conditions in mesotrophic and eutrophic
environments (e.g. Mackensen and Hald, 1988; Klitgaard-
Kristensen et al., 2002; Polovodova Asteman and Nordberg,
2013) with ample phytodetritus supply (Alve, 2010). In the
Kattegat and Skagerrak (southern Scandinavia), C. laevigata
inhabits deep basin (80–300 m) waters of relatively stable
salinities in sandy to fine-grained sediments (Conradsen et
al., 1994). This species appears off the northern coast of Nor-
way (Hald and Steinsund, 1996), where its relative abun-
dance has increased in the last few decades (Saher et al.,
2012); it also inhabits the western Barents Sea, where the
highest abundances are found in areas influenced by warm
(>1 ◦C) Atlantic Water (Østby and Nagy, 1982). It is a com-
mon species on the southwestern Iceland shelf in Atlantic
water of the Irminger Current (water temperatures 6.4–7 ◦C)
and very sandy sediments at depths of 270–320 m (Jen-
nings et al., 2004). The warm-water affinity of the species is
also illustrated by its presence in the lusitanian (warm tem-
perate) shelf waters of northwestern Scotland (e.g. Murray,
2003; Cage, 2005), the Mediterranean Sea (e.g. Milker and
Schmiedl, 2012), and southwestern Africa (Schmiedl et al.,
1997).
Cassidulina neoteretis Seidenkrantz, 1995
Figs. 2a, 2d–j, and 2o
1977 Cassidulina teretis Tappan (not Cassidulina teretis Tap-
pan): Lagoe: 127, pl. 5, figs. 1.5, 16.
1980 Cassidulina teretis Tappan (not Cassidulina teretis Tap-
pan): Rodrigues et al.: 59, pl. 2, figs. 1, 3, 5; pl. 5, figs. 1, 4,
7; pl. 6, figs. 7, 10.
1981 Cassidulina laevigata d’Orbigny (part; not Cassidulina
laevigata d’Orbigny): Sejrup et al.: 290, pl. 1, fig. 5.
1987 Cassidulina teretis Tappan (not Cassidulina teretis Tap-
pan): Mackensen: pl. 10, figs. e, f, k, 1.
1988 Cassidulina teretis Tappan (not Cassidulina teretis Tap-
pan): Mackensen and Hald: 16–24, pl. 1, figs. 8–15.
1994 Cassidulina teretis Tappan (not Cassidulina teretis Tap-
pan): Jennings and Helgadóttir: pl. 2, fig. 3.
1995 Cassidulina neoteretis n. sp. Seidenkrantz: 148, 151;
pl.1, figs. 1–6 (holotype figs. 1a and 1b, paratypes figs. 2–6);
pl. 2, figs. 1–14, pl. 3, figs. 1–8; pl. 5, figs. 1–3.
2004 Cassidulina neoteretis Seidenkrantz: Jennings et al.: pl.
1, fig. 14.
2008 Islandiella teretis (Tappan) (not Cassidulina teretis
Tappan): Scott et al.: 248 (part), pl. 6, figs. 2–10, 13–14. (see
Discussion Sect. 3.4: no such species as Islandiella teretis
exists).
2011 Cassidulina laevigata d’Orbigny (not Cassidulina lae-
vigata d’Orbigny): Schröder-Adams and van Rooyen, p. 323,
figs. 4.14a, 4.14b.
2011 Cassidulina neoteretis Seidenkrantz: Schröder-Adams
and van Rooyen: 323, fig. 4.15a, 4.15b.
2016 Cassidulina neoteretis Seidenkrantz: Lazar et al.: fig. 8.
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2020 Cassidulina neoteretis Seidenkrantz: Jennings et al.:
fig. 12, number 1.
The original diagnosis from Seidenkrantz (1995) is as fol-
lows: “Small, lenticular Cassidulina with 4 to 5 chamber
pairs in the last whorl, a clear umbilical boss and a smooth
triangular apertural plate.”
The original description from Seidenkrantz (1995) is as
follows:
Test lenticular, biconvex with an acute, slightly
undulating, peripheral margin. Umbilical boss of
milky, semitranslucent shell material on each side.
Eight to ten chambers (frequently 10) in the fi-
nal whorl, biserially arranged in 4 to 5 alternat-
ing pairs, each chamber appearing large, rounded
rhomboid to ovate and reaching to the umbilical
boss on one side of the test, and small and subtrian-
gular on the other side. Sutures distinct, thickened,
but not limbate, slightly depressed and outlining
the chamber. Wall calcareous, hyaline or opaque,
and optically granular. Surface smooth with rela-
tively small, rounded, pores evenly distributed on
the chamber walls but with no pores on the umbil-
ical boss or along the sutures. Aperture an elon-
gate, narrow slit extending from the base of the
final chamber in a crescent paralleling the outer
margin of the chamber, reaching 2/3 to 3/4 the
distance from the base of the chamber to the pe-
ripheral keel. A subtriangular apertural plate with
a smooth edge, formed by the infolded chamber
wall, lies along the inner margin and partly covers
the aperture (a type H1 aperture with a slight ten-
dency to a type H2 aperture, according to defini-
tion by Nomura, 1983) (pl. 3, figs. 1–8). A narrow,
serrate ridge lies adjacent to the outer margin of
the aperture (pl. 3, fig. 7). Holotype size: greatest
diameter: 300 µm, least diameter: 250 µm, greatest
thickness: 130 µm. Dimensions for 80 other spec-
imens (average value in brackets): greatest diam-
eter: 230–410 µm (300 µm), least diameter: 200–
360 µm (260 µm), greatest thickness: 130–200 µm
(150 µm).
Remarks
C. teretis and C. neoteretis exhibit very similar morpholo-
gies (Fig. 2) with a key diagnostic distinguishing feature be-
ing the prominent serration of the apertural plate in C. teretis
(Fig. 2n), although a very slight serration may also some-
times be observed on the apertural plate of C. neoteretis
(e.g. Fig. 2o; Seidenkrantz, 1995). In addition, the apertural
plate of C. neoteretis often has a distinct elongated triangular
shape, while that of C. teretis is most commonly crescent-
shaped and serrated (Fig. 2); the angle of the aperture can
normally be seen in light microscope images (if the aper-
ture is preserved), as can the serration of the apertural plate
in C. teretis (though we note that the C. teretis holotype is
not well-preserved and that the serration is not readily appar-
ent). Both Seidenkrantz (1995) and Lazar et al. (2016) use
SEM micrographs to clearly show the differences in the de-
gree of serration between the two species. However, whereas
the angle of the aperture in C. neoteretis is clear, Lazar et
al. (2016) highlight that the serration feature is extremely
difficult, if not impossible, to observe using standard light
microscopy in smaller (<125 µm) specimens that are often
abundant in arctic environments. Furthermore, as shown by
Seidenkrantz (1995), C. neoteretis is on average smaller in
size than C. teretis (Table 1). Additionally, C. neoteretis of-
ten has a sharper periphery than C. teretis; this sharp margin
can easily be seen using a light microscope. We observe in
our samples that chambers of C. neoteretis typically, but not
always, have a blunter end towards the umbilical region than
C. teretis, which often has more pointy ends towards the um-
bilicus, and the umbilical region is commonly larger in C.
teretis than in C. neoteretis (Fig. 2), although some speci-
mens of C. teretis with an unusually small umbilical area on
one side were noticed by Feyling-Hanssen et al. (1983) and
Feyling-Hanssen (1990; both as Cassidulina cf. teretis).
The chamber arrangement of C. teretis and C. neoteretis
makes them morphologically similar to I. helenae and I. nor-
crossi, and this can cause confusion in identification. We ad-
dress this issue in the section on I. helenae and within the
Discussion.
Environmental preferences
Today, C. neoteretis occurs in regions swept by Atlantic wa-
ters in arctic to subarctic and cold boreal regions. This shal-
low infaunal species typically dwells in fine-grained sedi-
ments in regions influenced by cool, modified Atlantic Wa-
ter (with relatively stable salinities and temperatures) across
the Nordic Seas (e.g. Mackensen and Hald, 1988; Gooday
and Lambshead, 1989; Jennings and Helgadóttir, 1994; Ryt-
ter et al., 2002; Jennings et al., 2004; Knudsen et al., 2012),
the Labrador Sea and Baffin Bay (Holocene records: Sei-
denkrantz et al., 2013; Hansen et al., 2020), and into the
Arctic Ocean and its marginal seas (Wollenburg and Mack-
ensen, 1998; Husum et al., 2015; Jennings et al., 2020). It is
noteworthy that in the eastern Nordic Seas it is also found
in Atlantic-sourced water at deeper sites with cooler and
more stable conditions than usual for C. laevigata (cf. Mack-
ensen and Hald, 1988). In the Arctic, it occurs in particu-
larly high abundances and percentages in areas with a strat-
ified water column, where chilled Atlantic waters are over-
lain by relatively fresh and cold polar waters (Jennings and
Helgadottir, 1994; Jennings et al., 2004, 2020). In the North
American Arctic, C. neoteretis appears only in areas influ-
enced by subsurface Atlantic-origin water, such as M’Clure
Strait in the Canadian Arctic Archipelago (cf. Vilks, 1969;
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Figure 2. Cassidulina neoteretis (a, d–j, o) and Cassidulina teretis (b–c, k–n). (a) Holotype image of C. neoteretis. (b) Original holotype
illustration of C. teretis and (c) its re-image. (d–i) Light microscope images of C. neoteretis; the slightly carinate lip of the species is
evident in (d)–(e) and (g), despite the flap of the aperture being slightly broken in both specimens. (k–l) Light microscope images of C.
teretis. (j, m) SEM micrographs of C. neoteretis (j) and C. teretis (m). (n–o) Comparison between the apertural lips of (n) C. teretis vs.
(o) C. neoteretis in SEM. All scale bars denote 50 µm, aside from (n)–(o) where they denote 25 µm. See Supplement Table S1 for sample
details. (a, j–o) Reproduced from Seidenkrantz (1995) with the permission of the Journal of Micropalaeontology. (b) Reproduced with the
permission of the Cushman Foundation for Foraminiferal Research. (c) Re-image from the Paleobiology Collections of the Smithsonian
National Museum of Natural History (https://collections.nmnh.si.edu/search/paleo/, last access: 19 October 2020), made available under the
Creative Commons CC0 1.0 licence.
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Anna J. Pieńkowski, personal observation, 2020), the Beau-
fort Sea (Lagoe, 1980: as C. teretis), north of Ellesmere
Island (Green, 1960: as C. teretis), and in northern Nares
Strait (Jennings et al., 2020). It is abundant across the Arc-
tic Ocean, particularly on the Chukchi Plateau (∼ 400–540 m
depth) and on the Mendeleev Ridge and Lomonosov Ridge
(both >1 km depth; Osterman et al., 1999: as C. teretis).
Cassidulina teretis Tappan, 1951
Figs. 2b–c and 2k–n
1951 Cassidulina teretis Tappan: 7–8, pl. 1, fig. 30.
1976a Cassidulina teretis Tappan: Feyling-Hanssen: 92, fig.
9, 4–5.
1976b Cassidulina teretis Tappan: Feyling-Hanssen: 354, pl.
1, fig. 13, pl. 2, figs. 20–21.
1980a Cassidulina teretis Tappan: Feyling-Hanssen: 173, pl.
4, figs. 10, 11, 15.
1983 Cassidulina cf. teretis Tappan: Feyling-Hanssen et al.:
105, pl. 1, figs. 6–9, 11–13.
1990 Cassidulina cf. teretis Tappan: Feyling-Hanssen: 22, pl.
4, figs. 10–14.
1995 Cassidulina teretis Tappan: Seidenkrantz: 151–153, pl.
1, figs. 12–14, pl. 2, figs. 15–18, pl. 4, figs. 1–5, pl. 5, fig. 4.
The original description from Tappan (1951) is as follows:
Test free, lenticular, with an umbilical boss on
each side, composed of clear shell material; coiled
and biserially arranged chambers alternating on the
two sides of the peripheral keel, about eight to
ten chambers visible along the periphery, cham-
bers extending from the umbilical boss on one
side, across the peripheral keel and about half-
way to the umbilical boss of the opposite side,
chambers appearing ovate in outline on the side
where they reach the umbo, with the small sub-
triangular portion extending on the opposite side
between the two adjacent ovate-appearing cham-
bers of that side; sutures distinct and thickened but
flush with the surface, gently curved; walls calcare-
ous, with rather large perforations, surface smooth;
aperture elongate, extending from the base of the
final chamber in a crescent paralleling the ante-
rior margin of the chamber, reaching nearly three-
fourths the distance from the base of the chamber
to the peripheral keel. Greatest diameter of holo-
type 0.55 mm; least diameter 0.49 mm; greatest
thickness 0.23 mm. Other specimens are between
0.36 and 0.55 mm in greatest diameter.
Remarks
Although it is not mentioned in the original description by
Tappan (1951), a normally crescent-shaped apertural plate
with prominent serration (Seidenkrantz, 1995) is also note-
worthy. C. teretis was first described from the Gubik For-
mation (Tappan 1951) from the late Pliocene or early Pleis-
tocene. This species is believed to have become extinct in
the Pleistocene, although the last occurrence datum is likely
asynchronous over larger distances (Seidenkrantz, 1995;
Lazar et al. 2016).
Environmental preferences
As no modern specimens of C. teretis have been identi-
fied (Seidenkrantz, 1995), its environmental preferences are
based solely on palaeoenvironmental studies and evaluation
of total foraminiferal assemblages in studies where we, based
on available images or check of specimens, have ascertained
that there is no doubt about the correct species identifi-
cation: Feyling-Hanssen (1976a, b, 1980a, 1990) found C.
teretis to be among the dominant species in Pliocene deposits
from various sites on Baffin Island, northeastern Canada, to-
gether with, among others, Elphidium clavatum (Cushman,
1930), Haynesina orbiculare (Brady, 1881), Elphidium albi-
umbilicatum (Weiss, 1954), and Cassidulina inflata (Gudina,
1966), and from Kap København, northeastern Greenland
(Feyling-Hanssen, 1990), and Lodin Elv, eastern Greenland
(Feyling-Hanssen et al. 1983), together with, among others,
E. clavatum, E. albiumbilicatum, and Cibicides grossus. It is
also found in assemblages dominated by E. clavatum and C.
grossus at Cape Chelyuskin in northern Russia (Möller et al.,
2008). All of these above studies indicate an (inner) shelf en-
vironment. However, C. teretis has also been identified from
the Pleistocene of the Arctic Ocean (Lazar et al., 2016), as
well as from Pliocene–Pleistocene deposits in deeper-water
conditions on the Vøring Plateau (Jansen et al. 1990) and
in the North Sea region (Knudsen and Ásbjörnadóttir, 1991;
Seidenkrantz, 1992), where it may extend stratigraphically to
the Miocene (Jansen et al., 1990; Laursen et al., 1992).
Genus: Paracassidulina Nomura, 1983
Type species: Globocassidulina nipponensis Eade,
1969, p. 65.
The description from Nomura (1983) is as follows:
Test free, compressed circular to subauriculate in
side view; periphery narrowly rounded; umbilicus
commonly closed; chambers biserially arranged
and enrolled as in Cassidulina, sometimes un-
coiling in later, but continuing biserial develop-
ment, increasing in size as added and overlapped
at periphery; sutures commonly flush with surface,
sometimes distinctly depressed; wall calcareous,
finely perforate, optically granular in texture; sur-
face smooth, polished to dimly reflected, with or
without irregularly distributed grooves; aperture an
interiomarginal, long and narrow slit, paralleling to
periphery of preceding chamber.
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Paracassidulina neocarinata (Thalmann, 1950)
Fig. 3a–f
1884 Cassidulina laevigata d’Orbigny (part; not Cassidulina
laevigata d’Orbigny): Brady: 428, pl. 54, fig. 2 (not fig. 3)
1922 Cassidulina laevigata d’Orbigny var. carinata new va-
riety Cushman: 124, pl. 25, figs. 6–7 (not Cassidulina laevi-
gata d’Orbigny var. carinata Silvestri, 1896).
1950 Cassidulina neocarinata new name – Thalmann: pts 3–
4, p. 44.
1951 Cassidulina laevigata d’Orbigny, var. carinata Cush-
man: Phleger: 27, pl. 14, fig. 7a, b.
1954 Cassidulina neocarinata Thalmann: Parker: 536, pl. 11,
fig. 3.
1980 Cassidulina neocarinata Thalmann: Rodrigues et al.:
58, pl. 5, figs. 2, 5, 8; pl. 6, figs. 3, 4.
1994 Cassidulina laevigata d’Orbigny (part; not Cassidulina
laevigata d’Orbigny): Jones: 60, pl. 54, fig. 2 (not fig. 3)
1995 Paracassidulina neocarinata (Thalmann): Sei-
denkrantz: pl. 1, figs. 10–11.
2015 Paracassidulina neocarinata (Thalmann): Poag: 110–
111, pl. 20, fig. 4a, b.
Description
Thalmann (1950) refers to the original description of Cush-
man (1922): “Test differing from the typical in the thinner,
more compressed test, with a very distinct thin carina, form-
ing the periphery of the test.” Due to the very limited existing
detail, we provide a short description as follows: test lenticu-
lar, biconvex with a thin carina at the peripheral margin. Very
small umbilical boss of milky, semitranslucent shell mate-
rial on each side. Seven to eight chambers in the final whorl,
biserially and alternately arranged in 3 to 4 pairs, thus with
only 3-4 chambers clearly seen on each side. Each cham-
ber appearing large, ovate, curved backwards, reaching to the
umbilical boss on one side of the test, and very small, sub-
triangular on the other side. Sutures distinct, depressed, in-
creasingly depressed towards the periphery, and outlining the
chamber. Wall calcareous, hyaline or opaque and optically
granular. Surface smooth with very small pores evenly dis-
tributed on the chamber wall. Aperture a long, elongate, nar-
row slit following in a crescent the base of the final chamber
and extending a significant part of the final chamber. A thin
lip, with a very smooth edge, formed by the infolded cham-
ber wall, lies along the inner margin and covers the aperture.
Remarks
P. neocarinata shows some affinity to C. teretis, C. neoteretis
and C. laevigata, but it is very distinct in having fewer, more
curved, ovate chambers; a smooth, thin lip; and a tendency
to have a greater thickness at the umbilicus compared to the
diameter than the other three species. It has much smaller
pores than C. laevigata and a smaller (to near absent) umbil-
ical boss compared to C. teretis and C. neoteretis.
Environmental preferences
The species is described in low to moderate numbers in con-
tinental shelf and slope environments from the western side
of the Atlantic Ocean at water depths of 40–1000 m, most
commonly from 100 to 700 m, ranging from the Gulf of
Mexico to the coast of Halifax (Cushman, 1922; Phleger,
1951; Phleger and Parker, 1951: all as C. laevigata var. car-
inata Cushman; Parker, 1954; Vilks and Rashid, 1976: as C.
laevigata; Poag, 2015). It is common in the Gulf of Saint
Lawrence (Tiffany Audet, Canada, unpublished data). In ad-
dition, Sen Gupta and Aharon (1994) found P. neocarinata
dominating the foraminiferal assemblages at bathyal hydro-
carbon vents in the Gulf of Mexico. Platon (2001) found no
such relationship but concluded that it is common to abun-
dant on the continental slope of the Gulf of Mexico, living in
the upper 3 cm below the sediment–water interface. In fossil
sediments, Tichenor (2013) indicated a link to hypoxic con-
ditions in the Gulf of Mexico. Due to potential taxonomical
confusion in the literature with C. laevigata, the environmen-
tal range of P. neocarinata is still somewhat uncertain, but
none of the authors of this paper have yet seen the species
in recent assemblages from the eastern side of the Atlantic,
although well-preserved specimens are found in Holocene
sediments at just over 2000 m water depth south of Iceland
(Christiansen, 2018).
Genus: Islandiella Nørvang, 1958
Type species: Cassidulina islandica Nørvang, 1945, p.
41, 42, fig. 7.
The description from Nørvang (1958) is as follows:
Test lenticular to subglobular; chambers biserially
arranged, planispirally coiled; wall perforate, ra-
diate fibrous; aperture large triangular to slit-like,
basal but extending up in the apertural face; with
an internal tooth extending back from the poste-
rior edge of the aperture to the anterior corner
of the foramen of the preceding chamber with a
free tongue projecting out of and partly closing the
aperture.
Nørvang (1958) also adds a differential diagnosis: “This
genus can easily be confused with the genus Cassidulina
which it resembles in the arrangement of the chambers and in
general appearance. It differs from the latter in the presence
of an internal tooth and in the radiate texture of the wall.”
J. Micropalaeontology, 40, 37–60, 2021 https://doi.org/10.5194/jm-40-37-2021
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Islandiella helenae Feyling-Hanssen and Buzas, 1976
Fig. 4a–d
1953 Cassidulina teretis Tappan (not Cassidulina teretis Tap-
pan): Loeblich and Tappan: 121, pl. 24, figs. 3–4.
1966 Cassidulina teretis Tappan (not Cassidulina teretis Tap-
pan): Gudina, p. 62, pl. 5, fig. 9, pl. 6, fig. 1.
1969 Cassidulina teretis (Tappan) (not Cassidulina teretis
Tappan): Gudina, p. 47, pl. 15, fig. 9.
1971 Islandiella teretis (Tappan) (not Cassidulina teretis
Tappan): Feyling-Hanssen et al.: 249, pl. 8, figs. 3–6; pl. 18,
fig. 13.
1976 Islandiella helenae Feyling-Hanssen and Buzas: 155–
157, figs. 1–4
1976a Islandiella helenae Feyling-Hanssen and Buzas:
Feyling-Hanssen: 93, fig. 9. 9–10.
1980b Islandiella helenae Feyling-Hanssen and Buzas:
Feyling-Hanssen: 272–274, pl. 1, figs. 14–16.
1994 Islandiella helenae Feyling-Hanssen and Buzas: Jen-
nings and Helgadottir: pl. 2, fig. 4.
2008 Islandiella teretis (Tappan) (not Cassidulina teretis
Tappan): Scott et al.: 248 (part), pl. 4, figs. 9, 9a; pl. 6, fig.
1. (see also Discussion below: no such species as Islandiella
teretis exists).
2019 Islandiella norcrossi (Cushman) (not Islandiella nor-
crossi Cushman): Ovsepyan and Taldenkova, pl. 1, figs. 1–
11, 13–15; pl. 2, figs. 1–8.
The original diagnosis from Feyling-Hanssen and
Buzas (1976) is as follows: “A translucent to hyaline
Islandiella with subacute periphery and 5 pairs of broad
chambers in the final whorl.”
The original description from Feyling-Hanssen and
Buzas (1976) is as follows (partly from Loeblich and Tap-
pan, 1953, p. 121):
Test lenticular, biconvex with a subacutely thick-
ened periphery margin, evolutely coiled so that
previous whorls are seen through the thick, clear
shell material of the umbilical region; chambers 8–
10 in the final whorl, biserially and alternatively
arranged in 4 to 5 pairs, each chamber appear-
ing large, rounded rhomboid to ovate on one side
of the test and small, subtriangular on the others;
sutures distinct, thickened, flush with the surface,
outlining the chambers; wall calcareous, perforate,
translucent to hyaline, very distinctly radial when
viewed in polarized light, surface smooth, glisten-
ing; aperture a broad, short slit paralleling the pe-
riphery, and with a free apertural tongue projecting
out of it. Greatest diameter of holotype of figs. 2–
4, 0.60 mm, thickness 0.29 mm. Greatest diameter
of paratype of fig. 1, 0.60 mm, thickness 0.23 mm
(Loeblich and Tappan, 1953, pl. 24, fig. 3). Other
paratypes range from 0.21 to 0.73 mm in diameter
(Loeblich and Tappan, 1953, p. 121).
Remarks
Similarities in morphological features between I. helenae
and I. norcrossi (Fig. 4), particularly the “bubble” proloculus
and gradations in the ideal chamber arrangements have led to
difficulty in separating the species. Combined with the lack
of a clear understanding of the differences in the ecological
preferences of these species, this has often led to grouping
of the two species in assemblage analyses and geochemical
analyses (e.g. Korsun and Polyak, 1989; Hunt and Corliss,
1993; Hald and Steinsund, 1996; Korsun and Hald, 1998;
Polyak et al., 2002; Rytter et al., 2002; Kristjansdóttir et al.,
2007; Saher et al., 2012; Skirbekk et al., 2016). Failure to
separate the two species has further obscured the understand-
ing of species-specific environmental preferences. However
complicated it may seem, these two taxa are readily distin-
guished by their chamber arrangements (Table 1, Figs. 4–5,
6). The chambers of I. norcrossi are triangular shaped and
relatively even in size, whereas the chambers of I. helenae
alternate in size between large rhomboid and ovate chambers
interspersed with small subtriangular chambers. In fact, it is
this alternating chamber arrangement that causes confusion
between I. helenae and C. neoteretis but which allows I. nor-
crossi to be readily distinguished from I. helenae. A caveat
worth mentioning is that an intergradation may appear be-
tween I. helenae and I. norcrossi. We have inspected a num-
ber of specimens of varying sizes from samples off northern
Iceland (MD992272 and MD992275 both from ∼ 440 m wa-
ter depth) and found that chambers may become increasingly
irregular and rhomboid in larger specimens of I. norcrossi
(e.g. Fig. 4g), and this can lead to misidentification as I. hele-
nae. In this case it is important to evaluate the early chambers
(i.e. the first two or three chambers in the last whorl), which
will remain triangular in I. norcrossi. Additionally, the mar-
gins of the test are typically more lobate in I. helenae com-
pared to I. norcrossi. Despite the distinct differences between
well-formed specimens, there is a continued precedence for
grouping these two taxa, which hinders ecological distribu-
tion studies (e.g. Hunt and Corliss, 1993; Steinsund, 1994;
Korsun et al., 1995; Rytter et al., 2002; Scott et al., 2008;
Polyak et al., 2013; Skirbekk et al., 2016).
Confusion also exists between I. helenae and C. neoteretis;
however, Fig. 5 shows that despite the similarities in chamber
arrangement, these two species can be quite easily and confi-
dently taxonomically separated by careful examination of the
aperture (Table 1). Furthermore, the chambers are broader in
I. helenae than in C. neoteretis, and in well-preserved speci-
mens of I. helenae and I. norcrossi, the fine perforations with
distinct pore tubules are clearly visible, whereas these are
absent in C. neoteretis. See the Discussion for more informa-
tion.
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Figure 3. Paracassidulina neocarinata. (a) Original holotype illustration and (b) an image of a syntype. Note that no information about
size or size ranges is provided in the original description by Cushman (1922). (c–d) Light microscope images of P. neocarinata. (e–f) SEM
micrographs of (e) the species, including (f) a detailed view of the aperture. All scale bars denote 50 µm, except for (f) where it denotes 25 µm.
Sample details are given in Supplement Table S1. The original holotype illustration (a) is reproduced by permission from the Smithsonian
Libraries; the syntype image (b) is from the Paleobiology Collections of the Smithsonian National Museum of Natural History (https:
//collections.nmnh.si.edu/search/paleo/, last access: 19 October 2020) and made available under the Creative Commons CC0 1.0 licence.
(c–f) Reproduced from Seidenkrantz (1995), by permission from the Journal of Micropalaeontology.
Environmental preferences
The frequent grouping of I. helenae and I. norcrossi has ob-
scured their individual environmental preferences, in partic-
ular for I. helenae. This is likely due to I. helenae being ob-
served less often than I. norcrossi (either living or dead);
however, this species is often discussed as a group under
I. norcrossi despite I. helenae sometimes being the domi-
nant form (e.g. Korsun and Hald, 2000). I. helenae seems to
bloom in sea ice marginal regions, likely due to the biolog-
ical productivity in these environments (Jennings and Hel-
gadóttir, 1994; Seidenkrantz 2013). In their assessment of
foraminifera in the Kara Sea, Korsun and Hald (1998) used a
category of “I. norcrossi s.l.” for specimens they considered
transitional in morphology between the two taxa and show
maximum abundances in glacial–distal settings, but where
they could separate out I. helenae, they suggest that I. hele-
nae prefers environments farther away from the glacier front.
In the Barents Sea, Steinsund (1994) described I. helenae (in
his section on I. norcrossi) from the relatively shallow and
environmentally unstable areas of the Barents Sea. I. hele-
nae is frequent on the relatively shallow shelf of the Cana-
dian Arctic Archipelago (e.g. Vilks, 1989). In the modern
Labrador Sea, I. helenae is particularly abundant on the in-
ner shelf, where salinities are relatively low (∼ 34), along
the path of the Labrador Current (Vilks et al., 1982; Mudie
et al., 1984), in stark contrast to I. norcrossi, which is very
rare in that area (Vilks et al., 1982). Jennings and Helgadót-
tir (1994) found living I. helenae on the inner southeastern
Greenland shelf off Kangerlussuaq Fjord (site 3; 550 m wa-
ter depth, 1.4 ◦C and 34.8 salinity) and low (live) percentages
in outer Mikis Fjord (Site 11; 244 m water depth, −0.75 ◦C
and a salinity of 33.8) and on the inner shelf (Site 16; 100 m
water depth, no temperature and salinity data available). At
the relatively shallow sites 11 and 16, I. helenae is between
6.7 % and 16.7 % of the >125 µm fraction and has a living
component. I. norcrossi is uncommon (2 % or more com-
monly <1%) and not found living in any sample. I. helenae
is associated with the sea ice edge in this area, where the
sea ice edge moves through the area from winter to summer
(Jennings and Helgadóttir, 1994). Furthermore, Lloyd (2006)
reports∼ 3 %–7 % of I. helenae in samples from Disko Bugt,
western Greenland, where it is most common in assemblages
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Figure 4. Islandiella helenae and Islandiella norcrossi. (a, c) Light microscope images and (b) SEM images of I. helenae; note how
easily these specimens may be mistaken for C. neoteretis if the apertural structure is overlooked. (d) Original holotype illustration of I.
helenae. (e) Original holotype illustration of I. norcrossi and (f) its re-image. (g–k) Light microscope images and (l) SEM images of I.
norcrossi. Notice the differences in proloculus size due to reproduction causing (h) megalospheric or (i) microspheric forms. (k) Close-
up of pore tubules (shown by arrows) and the aperture of I. norcrossi in light microscopy. (l) Close-up of the aperture of I. norcrossi in
SEM. (g) Light microscope image of I. norcrossi, showing a specimen that may potentially be misidentified as I. helenae were it not for
the early triangular chambers (shown by arrows), which categorize it as an I. norcrossi All scale bars denote 50 µm aside from (k–l) where
they show 25 µm. See Supplement Table S1 for sample details. The original holotype illustrations (d, e) are reproduced by permission from
the Smithsonian Libraries. The re-image of the I. norcrossi holotype (f) is from the Paleobiology Collections of the Smithsonian National
Museum of Natural History (https://collections.nmnh.si.edu/search/paleo/, last access: 3 March 2021) and made available under the Creative
Commons CC0 1.0 licence.
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Figure 5. Annotated comparison of Cassidulina laevigata, Cassidulina neoteretis, Cassidulina teretis, Paracassidulina neocarinata, Is-
landiella helenae, and Islandiella norcrossi, including original illustrations of the holotypes and holo-, para-, or syntype re-images where
available. Key features for separating these morphologically similar species are highlighted. Holotype original illustrations are repro-
duced by permission from the Journal of Micropalaeontology (C. neoteretis), the Cushman Foundation for Foraminiferal Research (C.
teretis), and the Smithsonian Libraries (P. neocarinata, I. helenae, I. norcrossi). Re-images for C. teretis (holotype), P. neocarinata
(syntype), and I. norcrossi (holotype) are from the Paleobiology Collections of the Smithsonian National Museum of Natural History
(https://collections.nmnh.si.edu/search/paleo/, last access: 19 October 2020) and are made available under the Creative Commons CC0 1.0 li-
cence. A paratype image is provided for C. neoteretis from the material used in Seidenkrantz (1995). Line drawings in the bottom panel are
based on original illustrations of holotypes and specimens examined for the present study. For sample details refer to Supplement Tables S1
and S2.
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otherwise dominated by agglutinated foraminifera, but also
with the presence of C. neoteretis. This observation is con-
sistent with its association with glacier ice-distal environ-
ments in eastern Novaya Zemlya (Korsun and Hald, 1998).
Ovsepyan and Taldenkova (2019), in a study from the Laptev
Sea, do not distinguish between I. helenae and I. norcrossi,
naming them I. norcrossi, but as all specimens depicted in
the species plates belong to I. helenae, we assume that the
majority of their specimens are in fact I. helenae. They find a
link to normal marine salinity and cold marine conditions on
the outer shelf and continental slope, as well as to the high
productivity in the seasonal sea ice marginal zone. In conclu-
sion, the above findings suggest that I. helenae tolerates cold
temperatures and a range of salinities from ∼ 33 to 34.5 in
polar waters, also blooming in association with pulsed pro-
ductivity at sea ice margins.
It is also noteworthy that whilst I. norcrossi may be
found in large numbers in palaeo-records (e.g. Jennings et
al., 2011; Hanssen et al., 2020), I. helenae is rarely com-
mon. When these Islandiella species are separated in palaeo-
assemblages, their distributions show that they have distinct
ecological preferences (e.g. Perner et al., 2013, 2015).
Islandiella norcrossi Cushman, 1933
Fig. 4e–l
1933 Cassidulina norcrossi Cushman: 7, pl. 2 fig. 7.
1953 Cassidulina norcrossi Cushman: Loeblich and Tappan:
p. 120, pl. 24, fig 2.
1958 Islandiella norcrossi (Cushman): Nørvang: 32, pl. 7,
figs. 8–11 (not figs. 12, 13); pl. 8, fig. 14.
1966 Planocassidulina norcrossi (Cushman): Gudina: 138,
pl. 6, figs. 2, 3.
1971 Islandiella norcrossi (Cushman): Feyling-Hanssen et
al.: 248, pl. 8, figs. 1–2.
1994 Islandiella norcrossi (Cushman): Jennings and Hel-
gadottir: l. 2, fig. 5.
2004 Islandiella norcrossi (Cushman): Jennings et al.: pl. 1,
fig. 15.
The original diagnosis from Cushman (1933) is as follows:
Test biconvex, periphery subacute or even slightly
keeled; chambers distinct, generally triangular in
side view, those of each set reaching nearly to the
umbilicus on both sides; wall smooth, very finely
perforate, clear and almost transparent; aperture
elongate, in general in the line of coiling. Diam-
eter, 0.40–0.45 mm; thickness, 0.15–0.18 mm.
Remarks
I. norcrossi exhibits visible inner whorls, with earlier cham-
bers often giving a seemingly sawtooth pattern surrounding
the umbilical region (Fig. 4e–j). It also frequently shows a
small bubble proloculus in the umbilical area. This prolocu-
lus feature is often used to attribute specimens to I. norcrossi.
However, the size of the proloculus differs in the micro-
spheric and the macrospheric generation, sometimes being
so small that it is hardly visible (observed in our own sam-
ples; Fig. 4i). However, a distinct and normally even larger
bubble is also seen in I. helenae, making this a less distinct
characteristic for I. norcrossi, although it may be used to sep-
arate I. helenae and I. norcrossi from Cassidulina. Yet, if the
bubble is small or almost lacking, specimens may be mistak-
enly assigned to C. neoteretis. For this reason, examination
of the chamber size and shape and the aperture is essential. I.
norcrossi has a flat, free tongue protruding into its triangular
aperture from the interior edge of the aperture (Fig. 4l), while
I. helenae possesses a curled free tongue protruding from the
interior of the final chamber. The free tongue of I. norcrossi
looks rather similar to that of Cassidulina (cf. Rodrigues et
al., 1980), although this feature may be difficult to observe in
light microscopy. In this context, it is also important to note
that there is a distinct difference in the microstructure of the
two genera: Cassidulina being granular and Islandiella radial
in microstructure. In well-preserved specimens, the fine per-
forations with distinct pore tubules in I. norcrossi are clearly
visible (Fig. 4k).
Environmental preferences
I. norcrossi dwells in arctic to subarctic shelf and upper slope
environments and has been reported down to ca. 1200 m
water depth (Belanger and Streeter, 1980; Osterman et al.,
1999). In the Norwegian-Greenland Sea, it is prominent
down to 800 m depth, and its abundance declines in deeper
waters (Belanger and Streeter, 1980). I. norcrossi is a com-
mon species on the North Iceland shelf east of 20◦W in the
cross-shelf troughs (water depths 300–500 m) that lead to the
deeper waters of the Iceland Sea (Rytter et al., 2002; Jen-
nings et al., 2004). Osterman et al. (1999) found I. norcrossi
at a few sites on the Chukchi Shelf and slope. Hald and Kor-
sun (1997) and Korsun and Hald (1998) encountered I. nor-
crossi in distal glaciomarine settings in the fjords of Svalbard
and Novaya Zemlya, where it was reported to contribute to-
wards 20 % of the assemblages. They suggested that I. nor-
crossi shows maximum abundances in the outer basins char-
acterized by the inflow of Atlantic-sourced water, indicating
a preference for relatively warmer diluted Atlantic waters;
however, Korsun and Hald (1998) grouped I. helenae and
I. norcrossi, so these reports may reflect a combination of
the two species, thus obscuring the ecology of either species.
Steinsund (1994) described typical forms of I. norcrossi from
the deeper areas of the Barents Sea with stable water mass
conditions, but also finds I. norcrossi in shallower, more en-
vironmentally unstable parts of the area. I. norcrossi is found
at temperatures between −1 and +1 ◦C and is associated
with relatively high and stable bottom-water salinity (Mudie
et al., 1984; Steinsund et al., 1994; Korsun and Hald, 1998;
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Figure 6. Decision tree to aid identification of Cassidulina laevigata, Cassidulina neoteretis, Paracassidulina neocarinata, Islandiella hele-
nae, and Islandiella norcrossi. Images of C. neoteretis and C. teretis are reproduced by permission from the Journal of Micropalaeontology.
Rytter et al., 2002; Jennings et al., 2004), which is in fact
in accordance with Atlantic water blended with polar water
(called chilled Atlantic Water or Arctic Intermediate Water
depending on region). It occurs as up to 18 % of the assem-
blages in the upper Arctic Intermediate Water and Norwegian
Sea Deep Water of Eyjafjardarall Trough and Hunaflóadjúp,
North Iceland shelf, at water depths between 350 and 500 m,
bottom-water temperatures between −0.06 and 0.21 ◦C, and
salinities between 34.8 and 34.89 (Jennings et al., 2004; Ryt-
ter et al. (2002). Rytter et al. (2002) suggest that I. norcrossi
may be influenced by the high surface productivity at oceano-
graphic fronts. In conclusion, I. norcrossi is a shelf to upper
slope species that seems to prefer relatively stable salinities
of 34.8–34.9, in regions where winter cooling of Atlantic
Water and mixing with fresher and colder Polar Water re-
sult in formation of Arctic Water masses, particularly to the
north of Iceland, where Arctic Intermediate Water is formed
by ocean convection.
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3 Discussion
Long-standing confusion and inconsistencies in the liter-
ature regarding the identification and grouping of species
(e.g. Hunt and Corliss, 1993; Scott et al., 2008), some-
times even within the same study (e.g. Korsun and Hald,
1998), obscure ecological information, profoundly hinder-
ing the use of foraminifera as dependable palaeoenviron-
mental proxies. The development of online databases such
as the World Register of Marine Species (WORMS, http:
//www.marinespecies.org, last access: 19 October 2020), the
World Foraminifera Database (http://www.marinespecies.
org/foraminifera/, last access: 19 October 2020), and the
Global Biodiversity Information Facility (https://www.gbif.
org/species, last access: 19 October 2020) has opened up
access to species images and accepted taxonomy; however,
original species descriptions (accessible by subscription to
the Ellis and Messina catalogue; http://www.micropress.org/
em/about.php, last access: 27 April 2020) are rarely included
in the database resources and can be difficult to source. This
often leaves researchers to identify specimens through fig-
ures alone, and this can propagate taxonomic errors as some
online databases (as with literature) are anecdotally known
to have incorrect denominations, and included images should
be approached with caution.
By providing clear guidance on the correct species iden-
tifications for C. laevigata, C. neoteretis, C. teretis, P. neo-
carinata, I. helenae, and I. norcrossi, we aim to curtail the
misidentification of these morphologically similar species,
elucidate ecological affinities, and thus improve accurate
palaeoenvironmental reconstructions based on the differing
environmental preferences of examined taxa. For example,
misidentifying I. helenae as C. neoteretis in a palaeo-context
would result in reconstructing a past environment reflect-
ing chilled warmer Atlantic water rather than a cold, lower-
salinity water mass or sea ice marginal settings (Table 2).
Similarly, misidentifying a fossil C. neoteretis for a C. lae-
vigata would suggest a boreal environment with warm At-
lantic waters (e.g. Mackensen and Hald, 1988) rather than a
polar to cold boreal environment, with modified and cooled
Atlantic Water (e.g. Knudsen et al., 2012). Additionally, due
to differences in vital effects of different genera and species
(Kristjánsdóttir et al., 2007), it would be detrimental to mix
different genera and species when analysing their geochem-
ical signal. Therefore, it is of utmost importance that care
and diligence be employed when identifying morphologi-
cally similar taxa.
Here, we discuss the origin of some of the persistent tax-
onomic issues affecting these species and provide guidance
on how researchers can identify these key Arctic–North At-
lantic foraminiferal taxa. This approach will clarify ecologi-
cal affinities and produce more accurate palaeoenvironmental
reconstructions.
3.1 Separation of genera: Cassidulina, Paracassidulina,
and Islandiella
The easiest way to separate the three genera is through ob-
servation of their apertures, which are always placed on the
side of the test. For Cassidulina, the aperture is a narrow slit
with an apertural plate, whereas for Islandiella, the aperture
is a broader triangular to elliptical opening on the margin of
the final chamber (Table 1) with a free apertural tongue pro-
truding from the interior of the chamber. The apertural slit
of Paracassidulina is much longer than that for Cassidulina,
and instead of a regular apertural plate it has a narrow edge.
These features are even more easily recognized if the last
chamber is broken off.
Another, secondary line of taxonomic distinction is the
colour difference between Cassidulina and Islandiella. Is-
landiella normally exhibits a “cold” white colour, and well-
preserved tests are transparent to translucent due to the
radial wall type, whereas the granular wall type of Cas-
sidulina most commonly results in a “warmer” white colour
and translucent to opaque tests in well-preserved specimens.
However, we recommend caution in using colour and trans-
parency as diagnostic tools, as poor preservation and sub-
jectivity may lead to misidentification, though they may be
used as secondary characteristics. The difference in wall type
also causes the umbilical area of Cassidulina to be non-
translucent and milky white, while in Islandiella the umbili-
cal area is translucent, allowing a view to earlier whorls and
the proloculus in well-preserved specimens.
Additionally, testing whether the wall structure is granular
(as with Cassidulina and Paracassidulina) or radial (as with
Islandiella) can be achieved by breaking the specimens and
investigating pieces of them in polarized light. This may not
be a practical approach when investigating many specimens
but is a good option when testing selected individuals that
are representative for a group of specimens. It is noteworthy
that C. neoteretis, due to its granular wall structure, is much
more prone to CaCO3 dissolution than are I. helenae and I.
norcrossi (Anne Jennings, personal observation, 2020).
3.2 Guide to distinguishing among species of
Cassidulina
Parker and Jones (1865) and Mackensen and Hald (1988)
exemplify the potential taxonomic confusion surrounding C.
laevigata and other species from morphologically compara-
ble taxa of Cassidulina or Islandiella. Plate XV (figs. 1–4) in
Parker and Jones (1865) shows illustrations of “C. laevigata”
from Baffin Bay, which appear to have clear umbilical boss
areas; however, C. laevigata is characterized by long and
curved chambers meeting in the centre, resulting in the ab-
sence of an umbilical boss (Fig. 1). We therefore suggest that
Parker and Jones (1865) misidentified the specimen, which is
more likely C. neoteretis or I. helenae (the quality of drawing
of the aperture makes it difficult to distinguish). The C. lae-
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vigata illustrated on plate XVII by Parker and Jones (1865)
from the Atlantic realm also appears morphologically differ-
ent to the arctic C. laevigata on their plate XV, and the ab-
sence of an umbilical boss region in the sample suggests that
two different designations are represented within the same
study. The apertures portrayed in the Parker and Jones (1865)
C. laevigata illustrations (plate XV, figs. 1–4; plate XVII,
fig. 64a–c) lack sufficient detail to confidently assign specific
species. This misidentification permeated through the litera-
ture (e.g. Eade, 1967; Belanger and Streeter, 1980; Jansen
et al., 1983; Mackensen et al., 1985) until Mackensen and
Hald (1988) provided criteria for separating C. laevigata and
C. teretis (later re-allocated to C. neoteretis by Seidenkrantz
(1995) based on the umbilical area, pores, and apertures).
Cassidulina teretis and Cassidulina neoteretis
We provide guidance on how to separate the species C.
neoteretis and C. teretis in Table 1, Sect. 3.5, and Fig. 6. Sei-
denkrantz’s (1995) erection of C. neoteretis as a new species
distinct from C. teretis emphasized the importance of the
extinction of C. teretis as a biostratigraphic marker for the
Neogene and early to mid-Pleistocene of the North Atlantic.
However, as pointed out by Seidenkrantz (1995), the disap-
pearance of C. teretis seems to be time transgressive with a
later disappearance of C. teretis in the Arctic Ocean than in
the North Atlantic. Lazar et al. (2016) showed that C. teretis
first disappeared in Marine Isotope Stage 3 in part of the Arc-
tic Ocean, indicating that further work is needed to estab-
lish this species as a regional stratigraphical marker. Lazar et
al. (2016) suggested that C. neoteretis could be an ecopheno-
type of C. teretis, which has potentially evolved its apertural
plate in response to changing diet; however, as C. teretis has
not yet been found in any modern sediments and appears to
be extinct, this issue cannot currently be resolved through
genetic analyses. Furthermore, as the extinct C. teretis may
have slightly different ecologies (C. teretis is found in more
shallow-water shelf palaeoenvironments than C. neoteretis;
see Table 2 and above), the two species should still be sep-
arated whenever possible. We agree with the conclusion of
Lazar et al. (2016) that separating C. teretis and C. neoteretis
on morphological evidence alone can at times be difficult.
However, although Lazar et al. (2016) showed that some tem-
poral overlap may occur, in most studies (temporal intervals)
all specimens will belong to either C. teretis or C. neoteretis.
Consequently, it normally will not be necessary to investi-
gate all specimens in detail to separate them. Instead, it is
sufficient to investigate the best-preserved specimens to iden-
tify which of the two species is present. Currently, it seems
unproblematic to assign the name C. teretis to all Pliocene
and likely also older Pleistocene specimens (e.g. Saher et al.,
2012) and C. neoteretis to late Quaternary and certainly to
last glacial and Holocene specimens. However, a more pre-
cise evaluation of the temporal shift from C. teretis to C.
neoteretis at different locations would be very valuable.
3.3 Islandiella helenae and Islandiella norcrossi:
dangers of grouping
Though easily differentiated despite their similarities (Ta-
ble 1, Figs. 5 and 6), I. helenae and I. norcrossi have
frequently been grouped into one category (e.g. Hunt and
Corliss, 1993; Korsun and Hald, 1998; Polyak et al. 2002;
Ovsepyan and Taldenkova, 2019). At times, intermedi-
ate forms can be seen (e.g. Fig. 4g and Ovsepyan and
Taldenkova, 2019 pl. 2, figs. 4–6), yet most commonly their
chamber arrangements are remarkably different and the rare
studies that distinguish between these two taxa demonstrate
distinct environmental preferences (Vilks et al., 1982; Ko-
rsun and Hald, 1998; Jennings and Helgadóttir, 1994). For
example, Hunt and Corliss (1993), working on surface sed-
iments in the Canadian Arctic Archipelago, grouped I. nor-
crossi within I. helenae due to stated difficulties in distin-
guishing large specimens between either taxon. Hald and Ko-
rsun (1997) and Korsun and Hald (1998) report occurrences
of I. helenae but group it into an I. norcrossi s.l. (sensu lato)
category. Korsun and Hald (2000) discussed environmental
preferences of an I. norcrossi group that included “mostly the
helenae form” despite the majority of the Islandiella speci-
mens being identified and reported as I. helenae in their re-
sults. The consistent grouping in the literature of I. helenae
and I. norcrossi in particular has obscured their ecological
preferences and environmental distributions (e.g. Hunt and
Corliss, 1993). In turn, this limited understanding of environ-
mental preferences has promoted continued grouping, lead-
ing to a somewhat circular argument for the collective treat-
ment of these taxa (e.g. Hanslik and Hermelin, 2011).
3.4 Propagation of taxonomic confusion in recent
literature
Taxa from the genera Cassidulina, Paracassidulina, and Is-
landiella continue to be either misidentified or grouped to-
gether in the literature due to perceived difficulties in taxo-
nomic separation based on test morphology or a failure to
recognize their distinct environmental preferences. For ex-
ample, Scott et al. (2008, 2009) and Schell et al. (2008) con-
sistently used the term Islandiella teretis (Tappan) for the
combined group of I. helenae, I. norcrossi, C. neoteretis,
and C. laevigata, considering I. teretis to be a species char-
acterized by “apertural variability”. The I. teretis illustrated
by Vilks (1969) is likely a specimen of C. neoteretis. How-
ever, Vilks later considered I. teretis (cf. Vilks and Rashid,
1976; Vilks et al., 1979) to encompass I. helenae, and subse-
quently grouped C. laevigata, I. teretis and I. helenae within
I. helenae Feyling-Hanssen and Buzas (Vilks, 1989). Be-
langer and Streeter (1980) regarded I. helenae to be a shal-
lower water homeomorph of C. teretis (i.e. C. neoteretis)
and suggested that most specimens in the literature were I.
helenae. Indeed, misunderstandings concerning the distinc-
tion between I. helenae, I. norcrossi, and C. neoteretis have
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confused their proper identifications, especially in the Cana-
dian Arctic (e.g. Scott et al., 2008). In addition, Hanslik and
Hermelin (2011) did not differentiate between specimens of
Cassidulina and Islandiella, grouping these two taxa as C.
neoteretis (presumably due to the morphological similarities
between these species and the more regular occurrence of C.
neoteretis with respect to I. helenae and I. norcrossi). Such a
grouping has serious implications for accurate environmental
reconstructions, since C. neoteretis and the two Islandiella
species have very different environmental affinities (Table 2).
Cronin et al. (2019) further complicated the taxonomic is-
sue regarding arctic Cassidulina by reassigning species al-
ready identified by authors as either Islandiella (e.g. Farmer
et al., 2011) or C. neoteretis (cf. Keigwin et al., 2018) as
C. teretis without clear criteria as to how this reassignment
was justified. This is particularly problematic as some speci-
mens in Cronin et al.’s (2019) plate 2 have been identified as
C. teretis, despite showing apertures and chamber arrange-
ments indicative of I. helenae (plate 2, fig. 4) and I. norcrossi
(plate 2, fig. 3). These taxonomic errors, complete with im-
ages of the foraminifers, become embedded in the literature
and thus continue to confuse later workers reliant on previous
work, resulting in the propagation of taxonomic uncertainties
and flawed understanding of the environmental preferences
of individual species. In order to inhibit error propagation,
we recommend that authors clarify their own discernment of
species criteria in relevant material and methods (including
images) or taxonomic notes.
3.5 Guidance for identifying similar morphotypes of
Cassidulina, Paracassidulina, and Islandiella
We suggest that with careful examination of key diagnostic
features such as chamber arrangements and apertures, sup-
plemented by determination of test microstructure, species of
the genera Cassidulina, Paracassidulina, and Islandiella can
be separated with confidence, as they are separate species
with different environmental preferences (Table 2). Table 1
and Fig. 5 illustrate key taxonomic differences between
the studied Cassidulina, Paracassidulina, and Islandiella
species, and we also provide a decision tree (Fig. 6) to aid
species identification of taxa from these three groups.
Nevertheless, we recognize that there are instances where
the correct assignment of species identification can be prob-
lematic: for example, when there appears to exist gradation
between species (e.g. Rytter et al., 2002), where specimens
have undergone taphonomic damage, or where assemblages
are typically composed of smaller test sizes (<125 µm), in
arctic shelf environments for example (Pieńkowski et al.,
2014; Husum et al., 2015). In these cases, we suggest that
species are assigned the group name of the dominant taxon,
thereby acknowledging the ambiguity of the identification;
for example, in a sample where Islandiella is dominated by
I. norcrossi, specimens which cannot be confidently assigned
to this taxon should be grouped as Islandiella spp. followed
by naming the most dominant species in brackets. Another
problematic taxonomic issue is the separation of C. teretis
and C. neoteretis, as discussed earlier. Lazar et al. (2016)
point out that the use of the apertural plate serration to distin-
guish the two species (as illustrated by Seidenkrantz, 1995)
hinges on access to high-resolution microscopy, which is
not always available or practical. However, the serration is
visible in regular light microscopy in well-preserved speci-
mens, and we suggest that, whenever possible, the serration
of the apertural plate and the sharpness of the margin (with C.
neoteretis displaying a sharper margin than C. teretis) should
be used to separate these two taxa. In cases where such an
approach is impractical or impossible, and if the actual strati-
graphical level is in the transitional time window for the two
species (i.e. around the mid-Pleistocene), specimens should
be reported as C. teretis/C. neoteretis.
4 Conclusions
The historical and persistent grouping of morphologically
similar benthic foraminiferal taxa belonging to Cassidulina,
Paracassidulina, or Islandiella, which are important environ-
mental indicator species in Atlantic and arctic environments,
has resulted in uncertainties both in their taxonomic separa-
tion and ecological preferences. It is vital that care is taken
to separate these taxa to ensure well-founded environmen-
tal reconstructions. Our paper brings together, for the first
time, the original descriptions of these taxa supplemented by
taxonomical notes and provides illustrations and clear guide-
lines necessary for confident species identification and taxa
separation. It is our intention that this resource will bene-
fit the micropalaeontological community and serve to de-
velop a better understanding of the taxonomy and ecological
affinities of these important North Atlantic and arctic benthic
foraminiferal species.
We suggest that in the first instance, the aperture should be
used to separate specimens of Cassidulina, Paracassidulina,
and Islandiella, and chamber arrangement should be used to
identify to species level within each of the three genera, al-
though the aperture may also be used to distinguish between
various species of Cassidulina. In addition, the microstruc-
ture is an important character for the separation of these gen-
era, Islandiella being radial and Paracassidulina and Cas-
sidulina being granular. As the six species discussed here
have significant differences in their ecological preferences,
a correct determination of the different species within these
three genera will result in improved palaeoenvironmental re-
constructions in the Arctic and North Atlantic realm.
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